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ABSTRACT
Small-conductance (KCa2.1–2.3) and intermediate-conduc-
tance (KCa3.1) calcium-activated K� channels are critically
involved in modulating calcium-signaling cascades and mem-
brane potential in both excitable and nonexcitable cells. Acti-
vators of these channels constitute useful pharmacological
tools and potential new drugs for the treatment of ataxia, epi-
lepsy, and hypertension. Here, we used the neuroprotectant
riluzole as a template for the design of KCa2/3 channel activa-
tors that are potent enough for in vivo studies. Of a library of 41
benzothiazoles, we identified 2 compounds, anthra[2,1-d]thia-
zol-2-ylamine (SKA-20) and naphtho[1,2-d]thiazol-2-ylamine
(SKA-31), which are 10 to 20 times more potent than riluzole
and activate KCa2.1 with EC50 values of 430 nM and 2.9 �M,
KCa2.2 with an EC50 value of 1.9 �M, KCa2.3 with EC50 values
of 1.2 and 2.9 �M, and KCa3.1 with EC50 values of 115 and 260

nM. Likewise, SKA-20 and SKA-31 activated native KCa2.3 and
KCa3.1 channels in murine endothelial cells, and the more
“drug-like” SKA-31 (half-life of 12 h) potentiated endothelium-
derived hyperpolarizing factor-mediated dilations of carotid ar-
teries from KCa3.1(�/�) mice but not from KCa3.1(�/�) mice.
Administration of 10 and 30 mg/kg SKA-31 lowered mean
arterial blood pressure by 4 and 6 mm Hg in normotensive mice
and by 12 mm Hg in angiotensin-II-induced hypertension.
These effects were absent in KCa3.1-deficient mice. In conclu-
sion, with SKA-31, we have designed a new pharmacological
tool to define the functional role of the KCa2/3 channel activa-
tion in vivo. The blood pressure-lowering effect of SKA-31
suggests KCa3.1 channel activation as a new therapeutic prin-
ciple for the treatment of hypertension.

The three small-conductance calcium-activated K� chan-
nels KCa2.1 (SK1), KCa2.2 (SK2), and KCa2.3 (SK3) and the
intermediate-conductance KCa3.1 channel (IK1, SK4) play
important roles in various physiological functions by modu-
lating calcium-signaling cascades and regulating membrane
potential. All four channels are voltage-independent and
open in response to calcium binding to calmodulin, which
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2-amino-6-trifluoromethylthio-benzothiazole; SKA-20, anthra[2,1-d]thiazol-2-ylamine; SKA-21, 2-amino-6,11-dihydro-6,11-dioxoanthra[2,1-d]-
thiazole; SKA-22, 2-amino-6-benzoylbenzothiazole; SKA-24, 6-acetyl-2-aminobenzothiazole; SKA-25, 2-aminobenzo[1,2-d:4,3-d�]bisthiazole;
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serves as the calcium-sensing �-subunit of these channels
(Xia et al., 1998; Fanger et al., 1999). KCa2 channels are
widely expressed throughout the nervous system and are
probably best known for underlying the apamin-sensitive
medium after hyperpolarization and for modulating neuronal
firing frequency and neurotransmitter release (Stocker,
2004; Wulff et al., 2007). Outside of the nervous system,
KCa2 channels, especially KCa2.3, are involved in blood
pressure regulation (Taylor et al., 2003), contractility of uri-
nary bladder smooth muscle, and metabolism (Wulff et al.,
2007). In contrast, KCa3.1 channels play important roles in
cellular proliferation, secretion, and volume regulation and
are expressed in erythrocytes, T- and B-cells, microglia and
macrophages, secretory epithelia, proliferating fibroblasts,
and vascular smooth muscle cells (Wulff et al., 2007). Like
KCa2.3, KCa3.1 is further expressed in vascular endothe-
lium and contributes to blood pressure control by initiating
the so-called endothelium-derived hyperpolarizing factor
(EDHF) response, a nitric oxide- and prostacyclin-indepen-
dent component of endothelium-dependent relaxation (Ed-
wards et al., 1998; Eichler et al., 2003; Fleming, 2006; Si et
al., 2006; Köhler and Hoyer, 2007).

Pharmacologically, KCa2 and KCa3.1 channels can be
easily distinguished by their different sensitivity to pep-
tide and small-molecule inhibitors. KCa2 channels are
blocked by the 18-amino acid bee venom toxin apamin, the
larger scorpion toxins scyllatoxin and tamapin, and the
permanently charged bisquaternary molecules d-tubocura-
rine, dequalinium, UCL1684, and UCL1848 (Stocker et al.,
2004; Wulff et al., 2007). In contrast, KCa3.1 channels are
inhibited by the scorpion toxins maurotoxin and charyb-
dotoxin and the triarylmethanes clotrimazole, TRAM-34,
and ICA-17043 (Wulff et al., 2007). Although none of these
inhibitors cross-reacts to the other channel type, both
KCa2 and KCa3.1 channels are activated with very similar
potencies by relatively simple benzimidazolones and ben-
zothiazoles (Fig. 1A). Ethylbenzimidazolone (EBIO) was
first reported to activate intermediate-conductance K�

currents in T84 cells by Devor et al. (1996) and later was
confirmed to activate cloned KCa3.1 channels with an
EC50 value of 30 �M and cloned KCa2 channels with EC50

values of 300 to 450 �M (Wulff et al., 2007). To increase the
potency of EBIO, Singh et al. (2001) performed a structure
activity study with 30 benzimidazolone derivatives and
identified 5,6-dichloro-EBIO, a compound that activates
KCa3.1 with an EC50 value of 750 nM (Singh et al., 2001)
and KCa2.2 with an EC50 value of 27 �M (Pedarzani et al.,
2001). The structurally related oxime NS309 is signifi-
cantly more potent and activates KCa2 and KCa3.1 chan-
nels at submicromolar concentrations (Strøbæk et al.,
2004) but unfortunately has an extremely short half-life,
which precludes its in vivo use.

To obtain a KCa2/3 channel activator that is potent enough
to probe the therapeutic potential of KCa2/3 channel activa-
tion in vivo, we here used the neuroprotectant riluzole, which
shows some structural similarity to EBIO, as a template for
the design of a more potent KCa2/3 channel activator. Ri-
luzole was originally developed in the 1950s (Domino et al.,
1952) as a central muscle relaxant and later was studied
extensively as an anticonvulsant and neuroprotective agent.
Today, riluzole is registered under the trade name Rilutek for
the treatment of amyotrophic lateral sclerosis. Riluzole ex-
hibits various pharmacological activities, the most promi-
nent of which are inhibition of neuronal Na� channels at
concentrations of 1–50 �M (Debono et al., 1993; Song et al.,
1997; Zona et al., 1998; Duprat et al., 2000) and activation of
KCa2/3 channels with EC50 values of 10 to 20 �M (Grunnet
et al., 2001; Cao et al., 2002). Riluzole has further been
reported to inhibit delayed-rectifier K� channels and to ac-
tivate two-pore K� channels at 30 to 100 �M (Debono et al.,
1993; Song et al., 1997; Zona et al., 1998; Duprat et al., 2000).
After screening a “smart” library of 55 carefully selected
riluzole derivatives, we identified SKA-31, which activates
the cloned human KCa3.1 and native KCa3.1 channels in
murine endothelium (Si et al., 2006) with an EC50 value of
250 nM and KCa2.1 to KCa2.3 channels with EC50 values in
the low micromolar range. In addition to a 10-fold increase in
potency in comparison to riluzole, SKA-31 also exhibits a
greater selectivity over other ion channels. Taken together
with excellent pharmacokinetic properties such as low pro-
tein binding and a long half-life, these improved character-
istics make SKA-31 an excellent pharmacological tool com-
pound to probe the function and therapeutic potential of
KCa2 and KCa3 channel activation in vivo. In keeping with
the role of KCa2.3 and KCa3.1 in mediating endothelial
hyperpolarization and thus contributing to endothelium-de-
pendent vasorelaxation (Edwards et al., 1998; Eichler et al.,
2003; Si et al., 2006; Köhler and Hoyer, 2007), SKA-31 po-
tentiated EDHF-type dilations in murine carotid arteries and
lowered arterial blood pressure in both normotensive and
hypertensive mice in a KCa3.1-dependent fashion. Based on
SKA-31’s blood pressure-lowering effect, we suggest that
KCa3.1 channel activation might constitute a new therapeu-
tic target for the treatment of hypertension.

Materials and Methods
Commercially Available Benzothiazoles. Riluzole (1, CAS

1744-22-5) and NS8593 (N-[(1R)-1,2,3,4-tetrahydro-1-naphthalenyl]-
1H-benzimidazol-2-amine hydrochloride (CAS 875755-24-1) were
purchased from Sigma (St. Louis, MO). Compounds 2 (SKA-12, CAS
132877-27-1) and 5 (SKA-46, CAS 97963-59-2) were from Chemgenx
LLC (Princeton, NJ). Compounds 3 (SKA-5, CAS 55690-60-3) and 10
(SKA-4, CAS 6285-57-0) were from Alfa Aesar (Pelham, NH). Com-
pounds 6 (SKA-47, CAS 97963-62-7), 11 (SKA-16, CAS 17557-67-4),

benzothiazole; SKA-35, 2-amino-6-(trifluoromethoxy)benzothiazole; SKA-36, 2,6-diaminobenzothiazole; SKA-41, 4-(4-trifluoromethoxyphenyl)thiazol-2-
amine; SKA-42, 2-amino-5,6-difluorobenzothiazole; SKA-44, 2-amino-6,7,8,9-tetrahydronaphtho[2,1-d]thiazole; SKA-45, naphtho[2,1-d]thiazol-2-
amine; SKA-46, 5-trifluoromethoxy-1,3-dihydro-2H-benzimidazol-2-thione; SKA-47, 5-[difluoromethoxy]-2-mercapto-1H-benzimidazole; SKA-48,
2-amino-5,6-dimethoxybenzothiazole; SKA-49, 6,7,8,9-tetrahydronaphtho[1,2-d]thiazol-2-amine; SKA-50, 2,6-diaminobenzo[1,2-d:4,5-d�]bisthiazole;
SKA-51, 2-amino-6-[trifluoromethyl]benzothiazole; SKA-53, 2-amino-6-methyl-benzo[1,2-d. 5,4-d�]bisthiazole; SKA-56, thiazolo[4,5-c]quinolin-2-
ylamine; UCL1684, 6,10-diaza-3(1,3),8(1,4)-dibenzena-1,5(1,4)-diquinolinacyclodecaphane; UCL1848, 8,14-diaza-1,7(1,4)-diquinolinacyclotetrade-
caphane; MDL105519, (E)-3-(2-phenyl-2-carboxyethenyl)-4,6-dichloro-1H-indole-2-carboxylic acid; TRAM-34, 1-[(2-chlorophenyl)diphenylmethyl]-
1H-pyrazole; NS309, 6,7-dichloro-1H-indole-2,3-dione 3-oxime; CGP-39653, (E)-2-amino-4-propyl-5-phosphono-3-pentenoic acid; ICA-17043,
bis(4-fluorophenyl)phenylacetamide.
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14 (SKA-17, CAS 6294-52-6), 19 (SKA-48, CAS 29927-08-0), and 20
(SKA-18, CAS 348-40-3) were purchased from Aldrich (St. Louis,
MO). Compounds 4 (SKA-6, CAS 4845-58-3), 8 (SKA-1, CAS 136-95-
8), and 22 (SKA-3, CAS 95-24-6) were purchased from Acros Organ-
ics (Morris Plains, NJ). Compounds 7 (SKA-41, CAS 436151-95-0)
and 25 (SKA-51, CAS 777-12-8) were from Oakwood Products Inc.
(West Columbia, SC). Compounds 15 (SKA-13, CAS 74821-70-8) and
27 (SKA-19, CAS 326-45-4) were from Matrix Scientific (Columbia,
SC). Compounds 17 (SKA-32, CAS 65948-19-8) and 33 (SKA-45, CAS
1203-55-0) were from Scientific Exchange Inc. (Center Ossipee, NH).
Compounds 21 (SKA-42, CAS 352214-93-8) and 26 (SKA-34, CAS
60388-38-7) were from Syntech Development (Franklin Park, NJ).
Compound 28 (SKA-11, CAS 447448-64-8) was from ChemDiv, Inc.
library (San Diego, CA). Compound 31 (SKA-44, CAS 143174-11-2)
was from Salor Catalog, Sigma-Aldrich (St. Louis, MO). Compound
41 (SKA-30, CAS 313223-82-4) was from Chembridge Corporation
(San Diego, CA).

Chemical Synthesis of Benzothiazoles. Benzothiazoles that
were not commercially available were synthesized in our laboratory
either from appropriately substituted amines and potassium or am-
monium thiocyanate or from appropriately substituted thioureas in
a Hugerschoff reaction in the presence of molecular bromine (Fig.
2A). In many cases, we used benzyl trimethyl ammonium tribromide
(Jordan et al., 2003) or tetrabutyl ammonium tribromide to deliver
bromine in stoichiometric amounts as an alternative to liquid bro-
mine to avoid unwanted ring bromination of activated aromatic
systems. Compounds reported previously were characterized by
melting point and 1H NMR to confirm their chemical identity (data
not shown, available on request). New chemical entities (NCEs) were
additionally characterized by 13C NMR, mass spectrometry, and
combustion analysis.

General Method I. Differently substituted aromatic amines and
potassium thiocyanate (molar ratio, 1:4) were dissolved in glacial
acetic acid at RT. Liquid bromine (1.2–1.5 equivalent) in glacial
acetic acid was then added drop-wise, maintaining the reaction tem-
perature below 30°C. After the addition was complete, the reaction
mixture was stirred, and the progress of the reaction was monitored
by thin-layer chromatography (TLC). After completion of the reac-
tion as indicated by the disappearance of starting material on TLC
analysis, the solids were filtered off and then washed first with
glacial acetic acid and then with water. The filtrate was diluted with
300 ml of water, neutralized to pH 7 to 7.5, and then cooled overnight
in the refrigerator to allow the product to precipitate. The product
was filtered, washed with cold water, and dried under vacuum. The
dried residue was decolorized with charcoal and recrystallized.

General Method II. Equimolar amounts of the substituted aro-
matic amine and ammonium thiocyanate were dissolved in anhy-
drous acetonitrile at RT. Benzyl trimethyl ammonium tribromide
(1.1–1.2 equivalent) was added to the solution, and the reaction
mixture was stirred at RT. After completion of the reaction as deter-
mined by TLC, the reaction mixture was concentrated to dryness
under vacuum, and the residue was diluted with 100 ml of water.
The pH of the solution was adjusted to 7 to 7.5 with aqueous 10%
potassium carbonate. The slurry was cooled on ice and then filtered.
The solids were washed with water and dried under suction. The
residue was decolorized with charcoal and recrystallized.

General Method III. Differently substituted thioureas were dis-
solved in glacial acetic acid at RT. An equimolar amount of benzyl
trimethyl ammonium tribromide was added to the solution, and the
reaction mixture was stirred at RT. After completion of the reaction
as determined by TLC, the reaction mixture was diluted with 300 ml
of ice-cold water. The unreacted thiourea was filtered off and washed
with water. The filtrate was cooled to 5°C and adjusted to pH 7 to 8.
The slurry was kept in the fridge for 24 h, filtered, washed with
water, and the residue was dried under suction. The dry residue was
decolorized with charcoal and recrystallized.

General Method IV. Differently substituted thioureas were dis-
solved in anhydrous chloroform at RT. Liquid bromine dissolved in

chloroform was added drop-wise maintaining the reaction tempera-
ture below 30°C. After complete addition of bromine, the reaction
mixture was refluxed for 4 h and the liquid decanted. The residual
solid was heated to 100°C for 2 h to complete the reaction. The crude
solid was then cooled, suspended in water, and made alkaline, pH 10
to 12, under ice-cold conditions with 30% aqueous sodium hydroxide.
The resulting slurry was then filtered, and the filtered-off solids (a
mixture of thiourea and the benzothiazol-2-amine) were washed with
water to neutral pH and dried under suction. The solids were re-
suspended in dilute hydrochloric acid for 30 to 45 min to dissolve the
product amine as a hydrochloride. The unreacted thiourea was fil-
tered off, and the filtrate was neutralized with 10% potassium car-
bonate, pH 8 to 10, under ice-cold conditions. The precipitated free
base was filtered, washed with water, dried under vacuum, decolo-
rized with charcoal, and recrystallized.

Compound 9 (SKA-36) was prepared by reduction of SKA-4 (5.0 g,
25.6 mmol) with a mixture of zinc (6.5 g, 99.4 mmol), anhydrous zinc
chloride (6.5 g, 47.7 mmol), and concentrated hydrochloric acid (70
ml) in ethanol (150 ml) as medium at 25 to 27°C. The product was
isolated as a green solid (510 mg, 12%); m.p. � 204.3°C (CAS 5407-
51-2).

Compound 12 (SKA-24) was prepared from 4-aminoacetophenone
(2.0 g, 14.8 mmol), potassium thiocyanate (3.9 g, 52.0 mmol), and
liquid bromine (2.6 g, 16.3 mmol) according to general method I. The
final product was isolated as a yellow solid (2.7 g, 95%); m.p. �
248.1°C (CAS 21222-61-7).

Compound 13 (SKA-2) was prepared from p-anisidine (2.5 g, 20.3
mmol), potassium thiocyanate (7.8 g, 80.3 mmol), and liquid bromine
(3.7 g, 23.4 mmol) according to general method I. The product was
recrystallized from methanol as an off-white solid (1.9 g, 58%); m.p.
� 166.4°C (CAS 1747-60-0).

Compound 16 (SKA-7) was prepared from 4-benzylaniline (1.0 g,
5.5 mmol), potassium thiocyanate (2.1 g, 21.8 mmol), and liquid
bromine (1.2 g, 7.4 mmol) according to general method I. The final
product was recrystallized from ethanol-petroleum ether mixture
(70:30) as a pale yellow solid (1.3 g, 94%); m.p. � 174.1°C (CAS
129121-46-6).

Compound 18 (SKA-22) was prepared from 4-aminobenzophenone
(2 g, 10.14 mmol), potassium thiocyanate (3.94 g, 40.56 mmol), and
liquid bromine (1.8 g, 11.2 mmol) according to general method I. The
final product was isolated as a yellow solid (2.5 g, 96%); m.p. �
247.1°C (CAS 16586-50-8).

Compound 23 (SKA-8) was prepared from 3-(trifluoromethoxy)-
aniline (500 mg, 2.8 mmol), ammonium thiocyanate (217 mg, 2.8
mmol), and benzyl trimethyl ammonium tribromide (1.1 g, 2.9 mmol)
according to general method II. The product was isolated as the free
base as a creamy white solid (400 mg, 61%); m.p. � 80.9°C; literature
as hydrochloride: 158°C (CAS 752969-85-0). 1H NMR (500 MHz,
DMSO-d6): � [ppm] � 7.4 (d, 1H, 3J � 7.44 Hz, 6-H), 6.7 (s, 1H, 4-H),
6.6 (d, 1H, 3J � 7.67, 7-H), 6.2 (bs, 2H, 2-NH2).

Compound 24 (SKA-35) was prepared from 2-(trifluoro-me-
thoxy)aniline (250 mg, 1.4 mmol), ammonium thiocyanate (109 mg,
1.5 mmol), and benzyl trimethyl ammonium tribromide (568 mg, 1.5
mmol) according to general method B. The product was isolated as a
free base, an off-white solid (94 mg, 28%); m.p. � 71.9°C (CAS
235101-36-7).

Compound 29 (SKA-53) was prepared by dissolving 2-(2-amino-
phenyl) benzo-thiazole (500 mg, 2.2 mmol) and ammonium thiocya-
nate (168.1 mg, 2.2 mmol) in 65 ml of anhydrous acetonitrile at RT.
Benzyl trimethyl ammonium tribromide (880.5 mg, 2.3 mmol) was
added, and the reaction mixture was stirred for 36 to 40 h at RT. The
crude product was isolated according to general method II. The crude
product was dissolved in 30 ml of acetone, decolorized with charcoal,
and recrystallized from a mixture of 20% ethyl acetate in benzene.
The isolated solid was then refluxed in petroleum ether, filtered,
washed with petroleum ether, and dried to obtain a yellow solid (139
mg, 23%); m.p. � 175.8°C; 1H NMR (500 MHz, DMSO-d6): � [ppm] �
8.15 (d, 1H, 3J � 8.30 Hz, 4�-H), 8.07 (d, 1H, 3J � 7.39 Hz, 5-H), 7.93
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(m, 1H, 6-H), 7.89 (bs, 2H, 2-NH2), 7.56 (t, 1H, 3J � 7.17 Hz, 5�-H),
7.51 (d, 1H, 3J � 8.92 Hz, 7�-H), 7.48 (t, 1H, 3J � 7.33 Hz, 6�-H), 7.04
(d, 1H, 3J � 8.13 Hz, 7-H); MS (70 eV) m/z: 283 (97%, M�), 257
(9.5%), 250 (29.5%, [C14H9N3S]�), 224 (9%), 142 (6.5%, [C8H5N3]�),
108 (6.3%, [C6H3S]�); calculated for C14H9N3S2 (283.38): C, 59.34%;
H, 3.20%; N, 14.83%; S, 22.63%; found: C, 59.13%; H, 3.18%, N,
14.77%; S, 22.51%.

Compound 30 (SKA-29) was prepared from 6-aminoindan (2 g,
15.0 mmol), potassium thiocyanate (5.84 g, 60.1 mmol), and liquid
bromine (2.7 g, 16.5 mmol) according to general method I. The
product was isolated as a yellow solid (1.5 mg, 52%); m.p. � 209.6°C
(CAS 83777-91-7).

Compound 32 (SKA-49) was prepared from 5,6,7,8-tetrahydro-
naphthalen-1-ylamine (500 mg, 3.4 mmol), ammonium thiocyanate
(260 mg, 3.4 mmol) and benzyl trimethyl ammonium tribromide (1.4
mg, 3.5 mmol) according to general method II. The isolated free base
was recrystallized from a petroleum ether-benzene (70:30) mixture
to yield a creamy white solid (184 mg, 27%); m.p. � 125.7°C (CAS
No.139331-69-4).

To prepare compound 34 (SKA-31), naphthalen-1-yl-thiourea (2.0
g, 9.9 mmol) was stirred in 50 ml of glacial acetic acid at RT. Benzyl
trimethyl ammonium tribromide (3.9 g, 9.9 mmol) was added at RT,
and the reaction mixture was then stirred for 48 h. The crude
product was isolated according to general method III as a pinkish
white solid. The product was further decolorized with charcoal and
recrystallized from ethanol as a light pink-colored solid (1.2 g, 61%);
m.p. � 178.1°C; 1H NMR (500 MHz, DMSO-d6): � [ppm] � 8.40 (d,
1H, 3J � 8.17 Hz, 9-H), 7.91 (d, 1H, 3J � 8.56 Hz, 6-H), 7.80 (d, 1H,
3J � 8.34 Hz, 4-H), 7.65 (bs, 2H, 2-NH2), 7.56 (d, 1H, 3J � 8.41 Hz,
5-H), 7.52 (t, 1H, 3J � 7.05 Hz, 8-H), 7.46 (t, 1H, 3J � 7.15 Hz, 7-H);
MS (70 eV) m/z: 200 (99%, [C11H8N2S]�), 172 (22%, C10H6NS), 140
(10.5%, C10H6N), 114 (7.5%, C9H6); molecular weight calculated for
C11H8N2S, 200.0408; found by high-resolution mass spectrometry,
200.0410.

To prepare compound 35 (SKA-20), 2-aminoanthracene (500 mg,
2.6 mmol) and ammonium thiocyanate (198 mg, 2.6 mmol) were
dissolved in 50 ml of anhydrous acetonitrile at RT. Benzyl trimethyl
ammonium tribromide (1.0 g, 2.7 mmol) was added, and the reaction
mixture was stirred for 48 h at RT. The crude product was isolated
according to general method II and then washed with petroleum
ether to remove the unreacted amine. The crude solids were dis-
solved in acetone under reflux, decolorized with charcoal, and recrys-
tallized from a benzene/petroleum ether mixture (30:70) as a green-
ish brown solid (167.6 mg, 26%); m.p. � 186.6°C, decomposing. 1H
NMR (500 MHz, DMSO-d6): � [ppm] � 8.6 (s, 1H, 11-H), 8.4 (d, 1H,
3J � 8.79 Hz, 4-H), 8.1 (d, 1H, 3J � 8.32 Hz, 10-H), 7.9 (d, 1H, 3J �
8.58 Hz, 7-H), 7.7 (t, 1H, 3J � 7.66 Hz, 9-H), 7.4 (t, 1H, 3J � 7.34 Hz,
8-H), 7.4 (s, 1H, 6-H), 7.1 (dd, 1H, 3J � 8.96 Hz, 4J � 1.94 Hz, 5-H),
6.3 (bs, 2H, 2-NH2); MS (70 eV) m/z: 250 (98.5%, [C15H10N2S]�), 218
(42%, [C15H10N2]�), 190 (14.5%, [C14H8N]�); molecular weight cal-
culated for C15H10N2S, 250.05647; found by high-resolution mass
spectrometry, 250.0564.

To prepare compound 36 (SKA-21), 2-aminoanthraquinone (500
mg, 2.2 mmol) and ammonium thiocyanate (172 mg, 2.3 mmol) were
dissolved in 50 ml of anhydrous acetonitrile at RT. Benzyl trimethyl
ammonium tribromide (901 mg, 2.3 mmol) was added, and the reac-
tion mixture was stirred at RT for 46 h. The product was isolated
according to general method II. The crude product was refluxed in a
methanol-acetone mixture (50:50) and filtered hot. It was then fur-
ther purified by flash chromatography with gradient elution using a
petroleum ether and ethyl acetate mixture (75.5 mg, 6%); m.p. �
�350°C); 1H NMR (500 MHz, DMSO-d6): � [ppm] � 8.27 (bs, 2H,
2-NH2), 8.22 (d, 2H, 3J � 5.09 Hz, 7-H, 10-H), 8.12 (d, 1H, 3J � 7.19
Hz, 5-H), 7.92 (m, 2H, 8-H, 9-H), 7.73 (d, 1H, 3J � 8.54 Hz, 4-H);
molecular weight calculated for C15H8N2O2S, 280.03066; found by
high-resolution mass spectrometry, 280.0306.

Compound 37 (SKA-26) was prepared from 6-aminocoumarin (2 g,
10.2 mmol), potassium thiocyanate (3.9 g, 40.5 mmol), and liquid

bromine (1.8 g, 11.1 mmol) according to general method I. The
product was isolated as a yellow solid (35 mg, 1.6%); m.p. � 252.7°C
(CAS 79492-10-7).

Compound 38 (SKA-50) was prepared from phenylene-1,4-dithio-
urea (2.0 g, 8.8 mmol) and liquid bromine (2.8 g, 17.7 mmol) accord-
ing to general method IV. The product was isolated as an off-white
solid (518 mg, 26%); m.p. � �350°C) (CAS 16162-28-0); 1H NMR
(500 MHz, DMSO-d6): � [ppm] � 7.6 (s, 1H, 4-H), 7.37 (bs, 2H,
2-NH2), 7.28 (bs, 2H, 6-NH2), 7.21 (s, 1H, 8-H).

Compound 39 (SKA-25) was prepared from 6-aminobenzothiazole
(2 g, 13.3 mmol), potassium thiocyanate (5.2 g, 53.3 mmol), and
liquid bromine (2.4 g, 14.7 mmol) according to general method I. The
product was isolated as an off-white solid (120 mg, 4.3%); m.p. �
295.4°C (CAS 18505-09-4).

Compound 40 (SKA-56) was prepared from 3-aminoquinoline (250
mg, 1.7 mmol), ammonium thiocyanate (133.1 mg, 1.7 mmol), and
benzyl trimethyl ammonium tribromide (697.1 mg, 1.8 mmol) accord-
ing to general method II. The final product was isolated as a yellow
solid (89 mg, 25%); m.p. � �380°C (CAS 143667-61-2). 1H NMR (500
MHz, DMSO-d6): � [ppm] � 8.9 (s, 1H, 4-H), 8.0 (d, 1H, 3J � 7.35 Hz,
6-H), 7.8 (bs, 2H, 2-NH2), 7.84 (d, 1H, 9-H), 7.6 (t, 2H, 3J � 2.51 Hz,
7-H, 8-H).

Cells, Cell Lines, and Clones. HEK-293 cells stably expressing
hKCa2.1, rKCa2.2, and hKCa3.1 were obtained from Khaled Houa-
med, University of Chicago (Chicago, IL). The cloning of hKCa2.3 (19
CAG repeats) and hKCa3.1 has been described previously (Wulff et
al., 2000). The hKCa2.3 clone was later stably expressed in COS-7
cells at Aurora Biosciences Corporation (San Diego, CA). Cell lines
stably expressing other mammalian ion channels were gifts from
several sources: hKCa1.1 in HEK-293 cells (Andrew Tinker, Univer-
sity College London, London, UK); rKv4.2 in LTK cells (Michael
Tamkun, University of Colorado, Boulder, CO); Kv11.1 (HERG) in
HEK-293 cells (Craig January, University of Wisconsin, Madison,
WI); hNav1.4 in HEK-293 cells (Frank Lehmann-Horn, University of
Ulm, Ulm, Germany), and Cav1.2 in HEK-293 cells (Franz Hofmann,
Munich, Germany). Cells stably expressing mKv1.1, mKv1.3,
hKv1.5, and mKv3.1 have been described previously (Grissmer et al.,
1994); N1E-115 neuroblastoma cells (expressing Nav1.2) were ob-
tained from American Type Culture Collection (Manassas, VA). Rat
Kv3.2 in pcDNA3 was obtained from Protinac GmbH (Hamburg,
Germany). Rat Nav1.5 in pSP64T was provided by Roland G. Kallen
(University of Pennsylvania, Philadelphia, PA) and the HindIII/
HindIII fragment containing the entire Nav1.5 coding sequence was
inserted into HindIII-digested pcDNA3.1(�) (Invitrogen, Carlsbad,
CA). The correct orientation of the coding sequence was verified by
restriction analysis. Both clones were transiently transfected into
COS-7 cells together with eGFP-C1 with Fugene-6 (Roche Diagnos-
tics, Indianapolis, IN) according to the manufacturer’s protocol.

Electrophysiology. All experiments were conducted with an
EPC-10 amplifier (HEKA, Lambrecht/Pfalz, Germany) in the whole-
cell configuration of the patch-clamp technique with a holding po-
tential of �80 mV. Pipette resistances averaged 2.0 M�. Solutions of
benzothiazoles in Na� aspartate Ringer were freshly prepared dur-
ing the experiments from 1 or 10 mM stock solutions in DMSO. The
final DMSO concentration never exceeded 1%. For measurements of
KCa2 and KCa3.1 currents, we used an internal pipette solution
containing 145 mM K� aspartate, 2 mM MgCl2, 10 mM HEPES, 10
mM K2EGTA, and 5.96 (250 nM free Ca2�) or 8.55 mM CaCl2 (1 �M
free Ca2�), pH 7.2, 290 to 310 mOsm. Free Ca2� concentrations were
calculated with MaxChelator assuming a temperature of 25°C, a pH
of 7.2, and an ionic strength of 160 mM. To reduce currents from
native chloride channels in COS-7 and HEK-293 cells, Na� aspartate
Ringer was used as an external solution: 160 mM Na� aspartate, 4.5
mM KCl, 2 mM CaCl2, 1 mM MgCl2, and 5 mM HEPES, pH 7.4,
290–310 mOsm. KCa2 and KCa3.1 currents were elicited by 200-ms
voltage ramps from �120 to 40 mV applied every 10 s, and the -fold
increase of slope conductance at �80 mV by drug was taken as a
measure of channel activation.
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KCa1.1 currents were elicited by 200-ms voltage steps from �80 to
60 mV applied every 10 s (1 �M free Ca2�), and channel modulation
was measured as a change in mean current amplitude. Kv1.1, Kv1.3,
Kv1.5, Kv3.1, Kv3.2, and Kv4.2 currents were recorded in normal
Ringer solution with a Ca2�-free KF-based pipette solution as de-
scribed previously (Schmitz et al., 2005). HERG (Kv11.1) currents
were recorded with a 2-step pulse from �80 first to 20 mV for 2 s and
then to �50 mV for 2 s, and the reduction of both peak and tail
current by the drug was determined. Nav1.2 currents from N1E-115
cells, Nav1.4 currents from stably transfected HEK cells, and Nav1.5
currents from transiently transfected COS-7 cells were recorded
with 20-ms pulses from �80 mV to �10 mV every 10 s with a
KCl-based pipette solution and normal Ringer as an external solu-
tion. Cav1.2 currents were elicited by 600-ms depolarizing pulses
from �80 to 20 mV every 10 s with a CsCl-based pipette solution and
an external solution containing 30 mM BaCl2. Blockade of both Na�

and Ca2� currents was determined as a reduction of the current
minimum.

Cytotoxicity Assays. Jurkat E61 and MEL cells were seeded at
105 cells/ml in 12-well plates. SKA-31 and SKA-20 were added at
concentrations of 10 and 100 �M in a final DMSO concentration of
0.1%, which was found not to affect cell viability. After 48 h, the cells
in each well were well mixed and resuspended, and the number of
trypan blue-positive cells in three aliquots from each well was de-
termined under a light microscope. The test was repeated twice.

NMDA Receptor Radioligand Binding Assay. Riluzole, SKA-
20, and SKA-31 were tested by MDS Pharma Services (Taipei, Tai-
wan) for binding to the kainate (ligand 5 nM [3H]kainic acid), glu-
tamate (ligand 2 nM [3H]CGP-39653), and glycine (ligand 0.33 nM
[3H]MDL105519) binding sites of rat brain NMDA receptors.

Pharmacokinetics and HPLC/MS Assay. Nine- to eleven-
week-old male Sprague-Dawley rats were purchased from Charles
River Laboratories (Wilmington, MA) and housed in microisolator
cages with rodent chow and autoclaved water ad libitum. All exper-
iments were conducted in accordance with National Institutes of
Health guidelines and approved by the University of California,
Davis, Institutional Animal Care and Use Committee. For intrave-
nous injection, SKA-31 was dissolved at 10 mg/ml in a mixture of
10% Cremophor EL and 90% saline and injected at 10 mg/kg. For
intraperitoneal application, SKA-31 was dissolved at 10 mg/ml in
Miglyol 812 neutral oil (caprylic/capric triglyceride; Neebee M5,
Spectrum Chemicals, Gardena, CA). After tail vein injection of the
aqueous solution or intraperitoneal administration of the oily solu-
tion, approximately 200 �l of blood was collected from the tail into
EDTA blood sample collection tubes at various time points. For very
early time points (3, 5, and 10 min) after intravenous administration,
blood samples were obtained by cardiac puncture under deep isoflu-
rane anesthesia. Plasma was separated by centrifugation and stored
at �80°C pending analysis. After determining that SKA-31 plasma
concentrations peaked 2 h after application (10 mg/kg i.p.), we took
blood samples under deep isoflurane anesthesia by cardiac puncture
from a group of three rats before sacrificing the animals to remove
brain, heart, liver, spleen, and fat. Tissue samples were homogenized
in 1 ml of H2O with a Brinkmann Kinematica PT 1600E homogenizer
(Kinematica, Littau-Lucerne, Switzerland), and the protein was pre-
cipitated with 1 ml of acetonitrile. The samples were then centri-
fuged at 3000 rpm, and supernatants were concentrated to 1 ml.
Plasma and homogenized tissue samples were purified using C18
solid-phase extraction cartridges. Elution fractions corresponding to
SKA-31 were evaporated to dryness under nitrogen and dissolved in
acetonitrile.

LC/MS analysis was performed with a Hewlett Packard 1100
series HPLC stack (Agilent Technologies, Santa Clara, CA) equipped
with a Merck KGaA RT 250-4 LiChrosorb RP-18 column (Merck,
Whitehouse Station, NJ) interfaced to a Finnigan LCQ Classic MS
(Thermo Fisher Scientific, Waltham, MA). The mobile phase con-
sisted of acetonitrile/water with 0.2% formic acid. The flow rate was
0.5 ml/min, and the gradient was ramped from 80/20 for 5 min to

70/30 over 15 min. With the column temperature maintained at
30°C, SKA-31 eluted at 5.7 min and was detected with a variable
wavelength detector set to 254 nm and the MS in series. Using
electrospray ionization tandem mass spectrometry (capillary tem-
perature, 350°C; capillary voltage, 26 V; tube lens offset, 20V; posi-
tive ion mode), SKA-31 was detected at a mass of 201.35 (molecular
weight plus H�). SKA-31 concentrations were calculated with a
five-point calibration curve from 500 nM to 8 �M. Concentrations
greater than 1 �M were determined by their UV absorption using a
second calibration curve from 1 to 250 �M. Riluzole (retention time,
13.5 min; mass, 235.35, molecular weight plus H�) was used as an
internal standard.

The percentage of plasma protein binding for SKA-31 was deter-
mined by ultrafiltration. Rat plasma was spiked with 10 �M SKA-31
in 1% DMSO, and the sample was loaded onto a Microcon YM-100
Centrifugal Filter (Millipore Corporation, Bedford, MA) and centri-
fuged at 14000 rpm for 15 min at RT. The centrifugate (free SKA-31)
was directly analyzed for SKA-31 by HPLC-MS. The retentate was
collected by inverting the filter into an Eppendorf tube and spinning
at 14000 rpm for 15 min. The retentate then underwent sample
preparation according to the above-described procedure for deter-
mining total SKA-31 concentration in plasma. The plasma protein
binding of SKA-31 was found to be 39 � 0.8% (n � 3). The unbound
(free) fraction was 61 � 1.7%.

Mice, Carotid Artery Preparation, and Isolation of Coro-
nary Artery Endothelial Cells. Wild-type (WT) and KCa3.1(�/�)
mice (Si et al., 2006) of both genders (16–25 weeks old) were derived
from our own breeding colonies at the University of Marburg (Mar-
burg, Germany) in a specific-pathogen-free environment. All exper-
iments were conducted in accordance with National Institutes of
Health guidelines and were approved by the local Institutional An-
imal Care committee. The preparation of carotid arteries (CAs) from
mice and the isolation of CAEC were performed as described previ-
ously (Si et al., 2006). In brief, freshly isolated CAs were mounted on
glass capillaries and perfused with phosphate-buffered saline solu-
tion (PBS) without Ca2�/Mg2� to remove remaining blood cells. Then
CAs were filled with 0.05% trypsin and 0.02% EDTA in PBS without
Ca2�/Mg2� via the glass capillary, sutured, and incubated at 37°C
for 10 min. Thereafter, CAs were cut open longitudinally under
microscopic control, and CAECs were detached by gently scraping
the luminal face of CA. Patch-clamp experiments in these CAEC
were conducted within 2 to 4 h.

CAEC Electrophysiology. Membrane currents in CAEC from
WT and KCa3.1(�/�) mice were recorded with an EPC-9 patch-
clamp amplifier (HEKA) using voltage ramps (1000 ms; �120 to 40
mV). The standard KCl-pipette solution for whole-cell patch-clamp
experiments contained 140 mM KCl, 1 mM Na2ATP, 1 mM MgCl2, 2
mM EGTA, 1.2 mM CaCl2, (0.25 �M [Ca2�]free), and 5 mM HEPES,
pH 7.2. The standard NaCl bath solution contained 137 mM NaCl,
4.5 mM Na2HPO4, 3.5 mM KCl, 1.5 mM KH2PO4, 0.4 mM MgCl2, 10
mM EGTA, 0.7 mM CaCl2 (� 0.1 �M [Ca2�]free), and 10 mM glucose,
pH 7.4, adjusted with NaOH. To unmask KCa3.1 currents from
KCa2.3 currents in wild-type CAECs, experiments were performed
in the presence of 1 �M concentration of the KCa2.3 blocker
UCL1684 (Rosa et al., 1998). KCa2.3 currents were recorded from
KCa3.1(�/�) CAEC. UCL1684 was obtained from Biotrend AG
(Wangen, Zürich, Switzerland); all other standard chemicals were
from Sigma-Aldrich (München, Germany). Data analysis was per-
formed as described previously (Si et al., 2006). Endothelial cell
TREK-1 (K2P2.1) currents were recorded as recently described by us
(Pokojski et al., 2008).

Pressure Myography. Pressure myography in CAs from
KCa3.1(�/�) and wild-type mice was performed as described previ-
ously (Si et al., 2006). Bath and perfusion solutions contained 145
mM NaCl, 1.2 mM NaH2PO4, 4.7 mM KCl, 1.2 mM MgSO4, 2 mM
CaCl2, 5 mM glucose, 2 mM pyruvate, and 3 mM MOPS buffer, pH
7.4, at 37°C. To suppress nitric oxide (NO) or prostacyclin synthesis,
the solution contained additionally the NO synthase inhibitor N�-
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nitro-L-arginine (300 �M) and the cyclooxygenase inhibitor indo-
methacin (10 �M). After mounting on glass capillaries, CAs were
pressurized to 80 mm Hg and were allowed to equilibrate for 30 min.
Thereafter, CAs were preconstricted with 1 �M phenylephrine and
were continuously perfused at a flow rate of 0.3 ml/min. The endo-
thelium was stimulated for 15 s with acetylcholine (ACh; 0.1 �M)
alone or in combination with SKA-31 (0.1 nM to 1 �M) in the
perfusion solution. Diameter changes of CA were expressed as a
percentage of the maximal dilation to 10 �M sodium nitroprusside.

Telemetry. Telemetric pressure measurements were performed
as described previously (Gross et al., 2000; Si et al., 2006). After
implantation of a TA11PA-C20 pressure transducer (Data Sciences
International, St. Paul, MN) into the left carotid artery, WT and
KCa3.1(�/�) mice were allowed to recover for at least 9 days to
regain a normal circadian rhythm. Thereafter, systolic, diastolic, and
mean arterial pressure (MAP) and heart rate were monitored con-
tinuously using the DATAQUEST software (Data Sciences Interna-
tional, St. Paul, MN). Values were analyzed as 24 h means. SKA-31
was dissolved in peanut oil, and 1, 10, or 30 mg/kg i.p. was injected
in a volume of 100 �l at the end of the light period (at 7 P.M.). Peanut
oil as a vehicle had no effects on MAP (data not shown). In a separate
set of experiments, WT mice (n � 5) mice were continuously infused

with angiotensin II (1.2 mg/kg/d s.c. via implanted minipumps).
After development of hypertension (normally after 2 days), 30 mg/kg
i.p. SKA-31 was injected. From a group of WT mice injected with 10
mg/kg SKA-31, blood samples were collected at 30 min and at 1, 2, 4,
and 24 h (four animals per time point). Plasma was separated by
centrifugation and SKA-31 concentrations were determined by
HPLC/MS (see above).

Statistical Analysis. Pharmacokinetic data and EC50 values are
given as mean � S.D. Telemetry and pressure myography data are
given as mean � S.E.M. The unpaired or paired Student’s t test was
used to assess differences between groups as indicated. P values
�0.05 were considered significant.

Results
Probing of the Benzothiazole Pharmacophore for

KCa Channel Activation. Of the existing KCa2/3 channel
activators (Fig. 1A), we chose the benzothiazole riluzole as a
template for the design of a new KCa2/3 channel activator
because benzothiazoles are clearly “privileged” chemical
structures that can exert multiple pharmacological activities
if “appropriately decorated with substituents” (Evans et al.,
1988; Horton et al., 2003). (The concept of a “privileged struc-
ture refers to structural types capable of binding to multiple

Fig. 1. A, chemical structures of EBIO, 5,6-dichloro-EBIO, NS309, and
riluzole. B, effect of increasing concentrations of riluzole on KCa2.3 and
KCa3.1 currents elicited with 250 nM concentration of free Ca2� from
COS-7 cells transiently transfected with hKCa2.3 or hKCa3.1.

Fig. 2. A, 2-aminobenzothiazoles were synthesized from differently sub-
stituted amines and potassium (I) or ammonium thiocyanate (II) (Kauf-
man, 1928; Jimonet et al., 199) or through oxidative cyclization of appro-
priately substituted thioureas (III) in a Hugerschoff reaction (Jordan et
al., 2003) in the presence of liquid bromine (IV). The letters I, II, III, and
IV correspond to general methods I, II, III, and IV described under
Materials and Methods. Because liquid bromine is difficult to manipulate
on a small scale and an excess of bromine can result in bromination of the
benzene ring (Jordan et al., 2003), we often used crystalline organic
ammonium tribromides such as benzyltrimethylammonium tribromide
or tetrabutylammonium tribromide (III). These tribromides deliver mo-
lecular bromine in stoichiometric amounts and thus avoid the unwanted
ring bromination of activated substrates (Kajigaeshi et al., 1987, 1988).
B, overall synthetic strategy.
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classes of receptors, ion channels or enzymes with high af-
finity. “Privileged” structures are typically constrained, het-
erocyclic, multiring systems capable of orientating varied
substituent patterns in a well defined 3-D space. Well known
examples of “privileged” structures are benzodiazepines and
dihydropyridines.) Another consideration for preferring ri-
luzole over EBIO as a template despite its pharmacological
“dirtiness” was the fact that riluzole, which is an U.S. Food
and Drug Administration-approved drug for the treatment of
amyotrophic lateral sclerosis, has good pharmacokinetic
properties (Colovic et al., 2004). It therefore seemed reason-
able to assume that riluzole derivatives would exhibit similar
drug-like properties and could potentially be used as tools to
investigate the effects of KCa2/3 channel activation in vivo.

Similar to EBIO and NS309, riluzole has been reported to
increase the Ca2� sensitivity of KCa2/3 channels, resulting
in an apparent leftward shift of their Ca2� activation curve
(Grunnet et al., 2001; Pedarzani et al., 2001; Cao et al., 2002).
The magnitude of riluzole’s activating effect therefore de-
pends on the intracellular Ca2� concentration. However, it
should be mentioned here that data from the group of Daniel
Devor suggest that EBIO and the muscle-relaxant chlorzoxa-
zone increase KCa2/3 channel open probability rather then
Ca2� sensitivity (Syme et al., 2000). In our hands, riluzole
increased KCa2.3 and KCa3.1 currents in whole-cell patch-
clamp experiments roughly 3-fold with 1 �M [Ca2�]i (data
not shown) and 30-fold with 250 nM [Ca2�]i (Fig. 1B). We
therefore decided to screen for more potent riluzole deriva-
tives with 250 nM [Ca2�]i to obtain larger and more easily
detectable current increases. We further decided to perform
the initial screen at just three concentrations (1, 10, and 100
�M) on KCa2.3 and KCa3.1 either transiently or stably ex-
pressed in COS-7 or HEK-293 cells because we only have a
manual patch-clamp setup and no high-throughput electro-
physiology screening system in our laboratory. Because ben-
zothiazoles have been previously studied as central muscle

relaxants, anticonvulsants, and neuroprotective agents and
are further widely used as diazocomponents in monoazo dis-
perse dyes, we performed a similarity search in the Chemical
Abstract System for commercially available compounds be-
fore embarking on the synthesis of new riluzole derivatives.
In total, we purchased 24 benzothiazoles, which we deemed
worthwhile screening for exploring the structure-activity re-
lationship for KCa2/3 channel activation. Another 17 benzo-
thiazoles were synthesized according to the general methods
depicted in Fig. 2A. The overall goal of our synthetic strategy
was first to probe all positions of the benzothiazole ring
system to characterize the structural elements that are nec-
essary for KCa2/3 channel activation and then to improve
activity if possible. As shown in Fig. 2B, we first varied the
2-aminobenzothiazole system itself by inverting the positions
of the nitrogen and sulfur atoms and then introduced various
functional groups or ring systems in positions 4, 5, 6, and 7.
Replacement of the 1-position sulfur atom with nitrogen,
replacement of the 2-amino group with an -SH group, or of
both moieties resulted in compounds that were more than 10
times less potent than riluzole (compounds 2, 3, 4, 5, and 6 in
Table 1). Opening of the benzothiazole system to a 4-(4-
trifluoromethoxyphenyl)thiazol-2-ylamine also drastically
reduced potency (compound 7 in Table 1). Taken together,
these results demonstrate that KCa2/3 channel activators of
the benzothiazole class require an intact 2-aminobenzothia-
zole system to show significant activity at or below 10 �M.

We next removed the lipophilic 6-position -OCF3 group of
riluzole or replaced it with other functional groups (Table 2).
Complete removal of the group (8) or replacement with polar
functional groups such as -NH2, -NO2, -CH3SO2, or -COCH3

significantly reduced activity (compounds 9–12 in Table 2).
Replacement of the -OCF3 group with a less lipophilic -OCH3

group (13) or a more bulky benzyl (16), phenoxy (17), or
benzoyl (18) group also reduced or completely removed
KCa2/3 channel activation. In contrast, introduction of two

TABLE 1
Results of screening benzothiazoles varied in positions 1 and 2 on KCa2.3 and KCa3.1 at concentrations of 1, 10, and 100 �M
The reported numbers are the ratios of slope conductance at �80 mV measured in the presence and absence of drug with 250 nM 	Ca2�
i.

Compound Name
KCa2.3 KCa3.1

1 �M 10 �M 100 �M 1 �M 10 �M 100 �M

1 Riluzole
N

S
NH2

O
F3C 1.1 � 0.3 11.5 � 4 30 � 3 6 � 1 30 � 1.5 30 � 2

2 SKA-12
N

N
H

NH2

O
F3C N.E. 1.5 � 0.2 3.9 � 1.2 N.E. 2.1 � 1.4 34 � 9

3 SKA-5
N

S
SH

O
CH3 N.E. N.E. N.D. N.E. N.E. 23 � 5

4 SKA-6
N

S
SH

O2N

N.E. N.E. N.D. N.E. 2.0 � 1.0 15 � 4.0

5 SKA-46
N

N
H

SH

O
F3C N.E. 1.8 � 0.1 17 � 1.5 N.E. 2.9 � 1.0 30 � 8

6 SKA-47
N

N
H

SH

O
F2HC N.E. 2.3 � 0.5 8.4 � 3.5 N.E. 2.0 � 1.0 25 � 12

7 SKA-41
N

S
NH2O

F3C N.E. 1.7 � 0.4 32 � 5 N.E. N.E. 1.3 � 0.5

N.E., no effect; N.D., not determined.
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TABLE 2
Screening of 4, 5, and 6 position-substituted benzothiazoles on KCa2.3 and KCa3.1
The reported numbers are the ratios of slope conductance at �80 mV measured in the presence and absence of drug with 250 nM 	Ca2�
i.

Compound
KCa2.3 KCa3.1

1 �M 10 �M 100 �M 1 �M 10 �M 100 �M

1 Riluzole
N

S
NH2

O
F3C 1.1 � 0.3 11.5 � 4 30 � 3 6 � 0.9 30 � 1.5 30 � 2

8 SKA-1
N

S
NH2 N.E. 1.9 � 0.3 N.D. 1.3 � 0.2 3.1 � 0.3 35 � 4

9 SKA-36
N

NH S
NH2

2

N.E. 1.2 � 0.2 15.5 � 2 N.E. 1.2 � 0.2 17 � 1

10 SKA-4
N

S
NH2

O2N

N.E. 1.2 � 0.3 N.D. N.E. 1.2 � 0.1 1.3 � 0.1

11 SKA-16
N

S
NH2

S

O

CH3

O

N.E. N.E. N.E. N.E. 1.5 � 0.3 1.1 � 0.3

12 SKA-24

N

S
NH2

O

CH3 N.E. N.E. N.E. N.E. 4.0 � 0.5 13 � 2

13 SKA-2
N

S
NH2

O
CH3 N.E. 2.0 � 0.3 N.D. N.E. 1.1 � 0.1 5.1 � 0.4

14 SKA-17
N

S
NH2

O
CH3

O
CH3

N.E. 1.4 � 0.2 2.1 � 1.0 1.4 � 0.3 1.3 � 0.4 2.2 � 0.3

15 SKA-13
N

S
NH2

O
CH3

Cl

1.8 � 0.2 3.3 � 0.5 36 � 4 1.3 � 0.3 5.0 � 1.0 29 � 5

16 SKA-7
N

S
NH2 N.E. N.E. N.E. N.E. 1.5 � 0.3 14 � 2

17 SKA-32
N

S
NH2

O

N.E. N.E. N.E. N.E. N.E. N.E.

18 SKA-22

N

S
NH2

O

N.E. 1.4 � 0.2 Insoluble N.E. 1.2 � 0.3 Insoluble

19 SKA-48
N

S
NH2

CH3

CH3

1.9 � 0.1 12 � 4 39 � 8 4.3 � 0.8 40 � 7 35 � 8

20 SKA-18
N

S
NH2

F

1.8 � 0.2 6.5 � 0.5 42 � 5 3.0 � 0.5 32 � 5 39 � 5

21 SKA-42
N

S
NH2

F

F

1.5 � 0.1 3.5 � 1.5 35 � 5 1.3 � 0.5 2.8 � 6 14 � 2

22 SKA-3
N

S
NH2

Cl

2.2 � 0.4 14 � 3 32 � 3 2.0 � 0.5 38 � 3 41 � 3

23 SKA-8 N

S
NH2

O
F3C 1.1 � 0.2 7.4 � 0.5 32 � 3 6.0 � 0.7 38 � 5 34 � 6

24 SKA-35 N

S
NH2

O
F3C

1.6 � 0.5 3.5 � 1.0 24 � 3 1.2 � 0.5 5 � 3 26 � 4

25 SKA-51
N

S
NH2

F3C

2.2 � 0.9 18 � 3 N.D. 1.6 � 0.5 35 � 7 N.D.
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-CH3 groups (19) or the halogen atoms fluorine (20 and 21) or
chlorine (22) in the 5,6- or 6-position alone resulted in com-
pounds that were roughly as potent as riluzole (Table 2). We
next decided to make more subtle variations of the -OCF3

group. However, moving the -OCF3 group from position 6 to
position 5 or 4 (23 and 24), removal of the oxygen atom (25
and 26), replacement of the oxygen with a sulfur atom (27), or
replacement of one of the three fluorine atoms with chlorine
(28) also did not improve activity in comparison with riluzole
(Table 2).

Because introduction of simple functional groups in any
position of the benzothiazole system did not improve potency,
we next introduced larger annulated aliphatic and aromatic
ring systems (Table 3). Although a cyclopentyl ring in 5,6-
position (30) did not improve potency, a cyclohexyl ring in
6,7-position (31) or in 4,5-position (32) increased potency
roughly 2-fold. Potency further improved when aromatic sys-
tems such as phenyl (33 and 34) or naphthyl (35) were
introduced in positions 4,5 or 6,7. However, the introduction
of polar carbonyl functions as in 36 or 37 or the introduction
of heteroatoms into the aromatic or aliphatic ring systems as
in 38, 39, 40, and 41 again drastically reduced potency (Table
3). The most potent compounds in our library, 33 (SKA-45),
34 (SKA-31), and 35 (SKA-20), activated KCa2.3 and KCa3.1
currents roughly 10-fold more potently than riluzole and
displayed the same preference for KCa3.1 over KCa2.3. Of
these three compounds, we decided to further characterize
SKA-20 and SKA-31 because of the much higher costs of the
starting materials for SKA-45.

SKA-20 and SKA-31 Activate KCa2/3 Channels More
Potently than Riluzole and Are More Selective over
Other Ion Channels. To compare the potency of riluzole,
SKA-20, and SKA-31 (Fig. 3A), we determined seven-point
concentration-response curves on KCa2.1, KCa2.2, KCa2.3,
and KCa3.1 with 250 nM [Ca2�]i (Fig. 3B). The template
riluzole activated KCa3.1 with an EC50 value of 1.9 �M and
was 6 to 10 times less potent on KCa2.1 (EC50 value, 21 �M),
KCa2.2 (EC50 value, 12.8 �M), and KCa2.3 (EC50 value, 12.5
�M). SKA-20 and SKA-31 were also most active on KCa3.1
and exhibited EC50 values of 115 and 260 nM for this channel
(Fig. 3B). Both compounds were equally potent on KCa2.2
(EC50 value, 1.9 �M). However, SKA-20 and SKA-31 differed

in their EC50 values for KCa2.1 and KCa2.3. Although
SKA-31 activated both KCa2.1 and KCa2.3 with an EC50

value of 2.9 �M, SKA-20 showed roughly 3-fold higher activ-
ity on KCa2.1 (EC50 value, 430 nM) than on KCa2.3 (EC50

value, 1.2 �M). In agreement with studies performed previ-
ously on EBIO, NS309, and riluzole (Wulff et al., 2007),
SKA-31 activated KCa3.1, and KCa2.3 currents were inhib-
ited by the pore blockers TRAM-34, charybdotoxin, and
apamin with their normal concentration-response relation-
ship (Fig. 4, A and B). In contrast, the “negative” KCa2
channel gating modulator NS8593 (Strøbæk et al., 2006)
inhibited SKA-31-activated KCa2.3 currents with a roughly
10-fold higher IC50 (7 �M instead of 700 nM), suggesting
competition between the “positive” and “negative” gating-
modulators (see Supplementary Fig. 1 for the effect of
NS8593 in the absence of SKA-31).

We next compared the selectivity of riluzole, SKA-20, and
SKA-31 on a panel of 13 K�, Na�, and Ca2� channels. In
agreement with previous publications (Zona et al., 1998; Ahn
et al., 2005; Wang et al., 2008), riluzole activated KCa1.1 and
K2P2.1 channels and blocked Kv1, Kv3, Kv4, and Kv11.1
(HERG) channels with IC50 values of 50 to 130 �M (Table 4).
At the highest possible (dissolvable) test concentrations,
SKA-20 and SKA-31 either had no effect or blocked these
channels by only 10 to 30%. SKA-20 and SKA-31 also exhib-
ited a better selectivity over Na� and Ca2� channels. Al-
though riluzole blocked neuronal Nav1.2 (IC50 value, 15 �M),
skeletal muscle Nav1.4 (IC50 value, 9 �M), cardiac Nav1.5
(IC50 value, 8 �M), and Cav1.2 (IC50 value, 30 �M) channels
at roughly the same concentrations at which it activates
KCa2/3 channels (EC50 values, 2–21 �M), SKA-31 at 25 �M
either had no effect (Cav1.2) or exhibited only 14 to 40%
blockade (Nav channels). The more lipophilic SKA-20 (logP
3.1), in contrast, blocked Nav1.2 channels as potently as
riluzole. In a radioligand binding assay testing for affinity to
rat brain kainate, glutamate, and glycine binding sites,
SKA-20 further exhibited a Ki value of 19 �M for the gluta-
mate site of NMDA receptors, whereas SKA-31 (25 �M) and
riluzole (100 �M) had no effect (data not shown; performed by
MDS Pharma Services, King of Prussia, PA). Based on its
higher selectivity and its lower logP value of 2.2, we selected
SKA-31 for subsequent experiments.

TABLE 2 —(Continued)

Compound
KCa2.3 KCa3.1

1 �M 10 �M 100 �M 1 �M 10 �M 100 �M

26 SKA-34
N

S
NH2

F3C
1.4 � 0.3 2.5 � 0.5 33 � 5 2.5 � 0.5 13 � 6 32 � 2

27 SKA-19
N

S
NH2

S
F3C 1.5 � 0.3 10 � 1 30 � 3 1.2 � 0.2 12 � 4 29 � 4

28 SKA-11
N

S
NH2

O
F2ClC 2.3 � 0.9 22 � 4 30 � 5 3.0 � 2 10 � 3 19 � 5

29 SKA-53

N

S
NH2

S N
N.E. Insoluble Insoluble N.E. Insoluble Insoluble

N.E., no effect; N.D., not determined.
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SKA-31 Is Not Acutely Toxic and Has Good Pharma-
cokinetic Properties. Similar to riluzole, SKA-31 was not
cytotoxic at concentrations up to 100 �M (data not shown)
and did not induce any signs of acute toxicity when admin-
istered at doses of 10 or 30 mg/kg i.p. to male Sprague-
Dawley rats. We therefore next established a HPLC/MS as-
say to determine SKA-31 plasma and tissue concentrations.
After intravenous administration at 10 mg/kg in rats, total
SKA-31 plasma concentrations decreased from a peak of 30
�M at 3 min to 5 �M at 1 h, 2.5 �M at 24 h, and 2 �M at 48
and 80 h (Fig. 5A). This decay in plasma levels was best fitted
triexponentially, reflecting a three-compartment model with
very rapid distribution from blood into tissue followed by
elimination with a half-life of roughly 12 h and slow repar-

titioning from body tissues acting as a deep compartment
back into plasma. After administration of 10 and 30 mg/kg
i.p. to rats (Fig. 5B), total SKA-31 concentrations peaked at
2 h, reaching 25 and 37 �M, and then decreased to 2 �M at
24 h. Tissue concentration determinations performed at the
plasma peak (Fig. 5C) revealed that SKA-31 effectively pen-
etrates into tissue (especially into the brain) but that plasma
concentrations are, on average, 4- to 8-fold higher than tissue
concentrations. In mice (Fig. 5D), we obtained slightly lower
plasma concentrations than in rats (5.5 �M at 2 h, 1.4 �M at
4 h, and 500 nM at 24 h with 10 mg/kg i.p.). We further
determined the plasma protein binding of SKA-31 and found
that 39% was protein-bound and 61% was free and thus
available to modulate KCa3/2 channels. Taken together,

TABLE 3
Screening of annulated benzothiazoles on KCa2.3 and KCa3.1 at 1, 10, and 100 �M
The reported numbers are the ratios of slope conductance at �80 mV measured in the presence and absence of drug with 250 nM 	Ca2�
i.

KCa2.3 KCa3.1

1 �M 10 �M 100 �M 1 �M 10 �M 100 �M

1 Riluzole
N

S
NH2

O
F3C 1.1 � 0.3 11.5 � 4 30 � 3 6 � 0.9 30 � 1.5 30 � 2

30 SKA-29
N

S
NH2 1.3 � 0.2 8.9 � 1.5 35 � 4 2.1 � 0.4 15 � 4 32 � 5

31 SKA-44

N

S
NH2

2.2 � 0.3 35 � 7 32 � 5 16 � 4 34 � 3 29 � 6

32 SKA-49 N

S
NH2

1.7 � 0.2 16 � 2 32 � 4 3.0 � 0.6 30 � 8 36 � 5

33 SKA-45

N

S
NH2

7.7 � 2.7 32 � 6 Insoluble 30 � 4 31 � 3 Insoluble

34 SKA-31 N

S
NH2

6.3 � 1.7 34 � 6 Insoluble 32 � 2 31 � 4 Insoluble

35 SKA-20

N

S
NH2

15 � 2 30 � 7 Insoluble 31 � 2 30 � 3 Insoluble

36 SKA-21

N

S
NH2

O

O

1.5 � 0.2 1.5 � 0.4 Insoluble N.E. N.E. Insoluble

37 SKA-26

N

S
NH2

O

O

N.E. 1.8 � 0.4 N.D. N.E. 1.2 � 0.3 N.D.

38 SKA-50
N

S
NH2

N

S
NH2 1.4 � 0.3 N.E. N.D. N.E. 1.5 � 0.5 N.E.

39 SKA-25
N

S
NH2

S
N

1.9 � 0.3 4.0 � 0.7 19 � 5 4.4 � 0.6 24 � 6 35 � 5

40 SKA-56

N

S
NH2N

N.E. 2.2 � 2 8 � 3 1.6 � 0.5 2.0 � 1 5 � 2

41 SKA-30
N

S
NH2

O

O

N.E. N.E. N.E. N.E. N.E. N.E.

N.E., no effect; N.D., not determined.
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these results show that SKA-31 is not acutely toxic and has
good pharmacokinetic properties. The fact that the highest
SKA-31 concentrations are found in plasma and not in tissue
also suggests that SKA-31 might preferentially target
KCa2/3 channels located on the vascular endothelium.

SKA-31 Stimulates KCa3.1 and KCa2.3 in Vascular En-
dothelial Cells and Increases ACh-Induced EDHF-Medi-
ated Vasodilation. Vascular endothelial cells express KCa3.1
and KCa2.3 channels, and the activation of these channels
leads to endothelial hyperpolarization and subsequently to vas-
cular smooth muscle cell relaxation, the so-called EDHF re-
sponse (Edwards et al., 1998; Eichler et al., 2003; Köhler and
Hoyer, 2007). Similar to their actions on the cloned human
channels, SKA-31 and SKA-20 potentiated native KCa3.1 and
KCa2.3 in murine carotid endothelium with EC50 values of 225
(SKA-31) and 142 nM (SKA-20) for KCa3.1 and with EC50

values of 1.6 (SKA-31) and 1.5 �M (SKA-20) for KCa2.3 (Fig. 6A
and Supplementary Fig. 2 online).

In pressure myography of murine CA, SKA-31 potentiated
EDHF-type dilation elicited by 100 nM acetylcholine with an
EC50 value of 93 nM (Fig. 6B) and induced a 2- to 3-fold
increase in dilation at the highest dose of SKA-31 (1 �M)

tested. In the absence of acetylcholine, SKA-31 did not dilate
or contract CAs at concentrations of 0.01 to 1 �M (data not
shown). In CAs of KCa3.1(�/�) mice (Si et al., 2006), SKA-31
at concentrations of 0.1 to 1 �M did not potentiate the resid-
ual KCa2.3-mediated EDHF-type response (Fig. 6B), reflect-
ing its 7- to 10-fold selectivity for KCa3.1 over KCa2.3. Taken
together, our vessel studies show that SKA-31 effectively
enhances EDHF-type dilations by predominantly acting on
endothelial KCa3.1 channels.

KCa3.1 Activation with SKA-31 Lowers Mean Arte-
rial Blood Pressure. Based on SKA-31’s effect on endothe-
lial KCa3.1 channels and thereby EDHF-type dilation in
isolated blood vessels, we next tested whether in vivo admin-
istration of SKA-31 would lower arterial blood pressure. For
this purpose, mice were implanted with telemetry leads,
which allow continuous 24-h blood pressure measurements
and heart rate monitoring, and then injected them with SKA-
31. A single administration of 10 mg/kg i.p. SKA-31 lowered
MAP by 4 mm Hg over a period of 24 h (Fig. 6C and
Supplementary Fig. 3). Blood pressure values then re-
turned to normal, reflecting a decrease in the plasma con-
centration of “free” (not plasma protein-bound) SKA-31
below the EC50 value for KCa3.1 activation after 24 h (Fig.
5D; 500 nM total SKA-31 in plasma at 24 h will result in a
“free” SKA-31 concentration of 300 nM). A higher dose of
30 mg/kg SKA-31 lowered MAP by 6 mm Hg (Fig. 6C),

Fig. 3. SKA-31 and SKA-20 are potent KCa channel activators. A, chem-
ical structures of SKA-31 and SKA-20. B, concentration-response curves
for riluzole (f), SKA-31 (‚), and SKA-20 (E) on hKCa2.1, rKCa2.2,
hKCa2.3, and hKCa3.1 stably expressed in HEK-293 cells (n � 3–6 per
data point). KCa2.1: riluzole: EC50, 21 � 3 �M, nH, 2.5; SKA-20: EC50,
430 � 100 nM; nH, 1.7; SKA-31: 2.9 � 0.4 �M; nH 2.3; KCa2.2: riluzole:
EC50, 12.8 � 0.7 �M; nH, 2.3; SKA-20: EC50, 1.9 � 0.3 �M; nH, 1.8;
SKA-31: EC50, 1.9 � 0.4 �M; nH, 1.7; KCa2.3: riluzole, EC50, 12.5 � 1.2
�M; nH, 2.4; SKA-20: EC50, 1.2 � 0.4 �M; nH, 1.9; SKA-31: 2.9 � 0.7 �M;
nH 1.7; KCa3.1: riluzole: EC50, 1.9 � 0.3 �M; nH, 2.3; SKA-20: EC50, 115 �
24 nM; nH, 1.6; SKA-31: EC50, 260 � 40 nM; nH, 1.8.

Fig. 4. A, blockade of hKCa3.1 currents activated with 2.5 �M SKA-31 by
increasing concentrations of TRAM-34 or charybdotoxin. B, blockade of
hKCa2.3 currents activated with 10 �M SKA-31 by increasing concen-
trations of apamin and NS8593. Note that the IC50 values of the pore
blockers TRAM-34 (�20 nM), charybdotoxin (�5 nM), and apamin (�1
nM) are unchanged, whereas the IC50 value of the negative gating mod-
ulator NS8593 is shifted roughly 10-fold to the right indicating competi-
tion. All experiments were performed with an aspartate-based pipette
solution containing 250 nM free Ca2�. The external solution is aspartate
Ringer.
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whereas 1 mg/kg SKA-31 was ineffective (Fig. 6C), pre-
sumably because it does not achieve pharmacologically
active plasma levels. In KCa3.1(�/�) mice, which exhibit a
5 mm Hg higher MAP compared with WT mice due to the
impaired EDHF response in the absence of KCa3.1 (Si et
al., 2006), SKA-31 at 10 and 30 mg/kg had no blood pres-
sure-lowering effects (Fig. 6C and Supplementary Fig. 3),
demonstrating that SKA-31 exerts its blood pressure-low-
ering effects through KCa3.1 channel activation. Because
SKA-31 administration induced a moderate but significant
reduction in MAP in “normal” mice (see Fig. 6 legend for P
values), we next investigated whether KCa3.1 channel
activation could also lower MAP in hypertensive animals.
We therefore induced hypertension in WT mice by admin-
istering the potent endogenous vasoconstrictor angioten-
sin-II (1.2 mg/kg/day) continuously via implanted minipumps

and then treated the mice with SKA-31 after hypertension
had developed. SKA-31 at 30 mg/kg lowered MAP by 12 mm
Hg (Fig. 6D). SKA-31 did not alter heart rate in any of the
groups (Supplementary Fig. 4). Taken together, our findings
support the notion that the potentiating effects of SKA-31 on
endothelium-dependent dilations and its blood pressure-low-
ering actions are mediated through activation of endothelial
KCa3.1 channels but not by dampening cardiac functions.

Discussion
We here used the “old drug” riluzole as a template for the

design of a novel KCa2/3 channel activator that is potent and
selective enough to probe the therapeutic potential of KCa2/3
channel activation in vivo. Our identification of SKA-31 is an-
other example of how a “privileged” chemical structure such as

TABLE 4
Selectivity

Channel Riluzole IC50 10 �M SKA-20 25 �M SKA-31

�M

KCa1.1 Doubles current at 100 �M N.E. N.E.
Kv1.1 92 � 7 12 � 3% block N.E.
Kv1.3 50 � 5 12 � 2% block 20 � 5% block
Kv1.5 95 � 5 25 � 3% block 20 � 5% block
Kv3.1 95 � 5 35 � 3% block 30 � 5% block
Kv3.2 100 � 10 12 � 5% block 15 � 3% block
Kv4.2 130 � 10 10 � 3% block N.E.
Kv11.1 (HERG) 50 � 4 N.D. N.E.
K2P2.1 (TREK-1) 110 � 35* N.E. N.E.
Nav1.2 15 � 3 14 � 2 �M 9 � 5% block
Nav1.4 9 � 2 N.E. 20 � 5% block
Nav1.5 8 � 2 30 � 5% block 40 � 5% block
Cav1.2 30 � 3 N.E. N.E.

N.E., no effect; N.D., not determined.
* EC50 (riluzole activates K2P2.1 currents).

Fig. 5. Pharmacokinetics of SKA-31.
A, total SKA-31 plasma concentra-
tions (mean � S.D.) after intravenous
administration of 10 mg/kg in Cremo-
phor EL/PBS to male Sprague-Dawley
rats (n � 4). The inset shows the first
24 h. The data are best-fitted as triex-
ponential decay in keeping with a
three-compartment model. B, total
SKA-31 plasma concentrations after
administration of 10 and 30 mg/kg i.p.
in Miglyol 812 (1 �l per gram of body
weight) to male Sprague-Dawley rats
(n � 3). C, table showing plasma and
tissue concentrations at 2 h after ad-
ministration of 10 mg/kg i.p. SKA-31
to male Sprague-Dawley rats (n � 3).
D, total SKA-31 plasma concentration
after administration of 10 mg/kg i.p.
in peanut oil (2 �l per gram of body
weight) to mice (n � 5–8).
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riluzole’s benzothiazole core can exert multiple pharmacological
activities if substituted appropriately (Evans et al., 1988; Hor-
ton et al., 2003). Our strategy here was not to combine combi-
natorial chemistry with high-throughput screening but instead
to start by testing a carefully selected small library of benzo-
thiazoles and then modifying the synthetic strategy based on
the results of the electrophysiological testing. Using this “clas-
sic” medicinal chemistry approach, we here explored the ben-
zothiazole pharmacophore for KCa channel activation and were
able to identify a novel KCa2/3 channel activator that is suit-
able for in vivo administration after testing only 41 compounds.
The benzothiazole pharmacophore for KCa2/3 channel activa-
tion did not tolerate the introduction of hydrophilic substituents
but proved to be relatively flexible in terms of molecular size
and shape, because the annulation of both aromatic and ali-
phatic ring systems into 4,5- and 6,7-position resulted in high-
affinity KCa2/3 channel activators. However, potency did not

linearly correlate with logP (e.g., SKA-7 and SKA-22, which
bear a phenyloxo- or a benzoyl-substituent in 6-position, are
ineffective) demonstrating that the effect of the compounds is
not due to unspecific membrane interactions. Our most drug-
like molecule, SKA-31, is 10 times more potent than riluzole
and activates cloned and native KCa3.1 channels with an EC50

value of 250 nM and all three KCa2 channels with EC50 values
of 2 to 3 �M. In comparison to riluzole, SKA-31 further shows a
significantly improved selectivity over other ion channels, par-
ticularly Na� channels (Table 4). Although we did not charac-
terize SKA-31’s mechanism of action or its binding site in detail,
the compound seems to work similarly to EBIO, NS309, and
riluzole, which increase the Ca2� sensitivity of KCa2/3 chan-
nels and thus their open probability by binding to an unidenti-
fied site located either in the C terminus of the channel or on the
interface between the channel and the constitutively bound
calmodulin (Pedarzani et al., 2001). In keeping with this hy-

Fig. 6. SKA-31 potentiates EDHF-type
vasodilations and lowers blood pressure
in mice. A, effect of increasing concen-
trations of SKA-31 on native KCa3.1 or
KCa2.3 in mouse CAEC. KCa3.1 cur-
rents we recorded from WT mice with
KCa2.3 blocked by 1 �M UCL1684;
KCa2.3 currents were recorded from
KCa3.1(�/�) CAEC. B, SKA-31 poten-
tiates carotid artery dilation (EDHF-
type) in response to 100 nM ACh in WT
mice (KCa3.1(�/�); n � 3–7 arteries
per data point) but not in KCa3.1(�/�)
mice (n � 2–5 arteries per data point).
C, telemetry: single injections of
SKA-31 at 1, 10, and 30 mg/kg i.p. lower
MAP over 24 h in normotensive WT
mice (�/�) but not in KCa3.1(�/�)
mice (�/�). Control, baseline MAP over
24 h before SKA-31 injection [WT (9
animals): control 99.5 � 1.0 mm Hg
(14 measurements); 1 mg/kg SKA-31
99.0 � 2.0 mm Hg (two measure-
ments); 10 mg/kg SKA-31 95.8 � 1.3
mm Hg (seven measurements, P �
0.006 versus control); 30 mg/kg
SKA-31 94.1 � 1.3 mm Hg (five mea-
surements, P � 0.0003); KCa3.1(�/�)
(5 animals): control 103.7 � 1.1 mm
Hg (five measurements, P � 0.006
versus WT); 10 mg/kg SKA-31 104.3 �
1.5 mm Hg (five measurements, P, not
significant); 30 mg/kg SKA-31 102.9 �
0.6 mm Hg (three measurements)].
After a washout period of 3 to 6 days,
some animals were reused to test a
second higher dose of 10 or 30 mg/kg
SKA-31. D, SKA-31 (30 mg/kg i.p.)
lowers MAP in angiotensin-II-induced
hypertension (Ang-II) [WT (five ani-
mals): control 132 � 3 mm Hg (n � 5);
SKA-31 120 � 4 mm Hg (n � 5, P �
0.0038)]. �, P � 0.05; ��, P � 0.01.
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pothesis, SKA-31 reduced the effect of the “negative” gating
modulator NS8593 (Strøbæk et al., 2006), which decreases the
Ca2� sensitivity of KCa2 channels, but did not affect the po-
tency of pore blockers such as ChTX, TRAM-34, or apamin.
Similar to riluzole, SKA-31 only shows 7- to 10-fold selectivity
for KCa3.1 over KCa2 channels but could serve as a new tem-
plate for the future design of activators that can distinguish
between KCa3.1 and the three KCa2 channel subtypes. The
recently reported aminopyrimidine CyPPA from Neurosearch
A/S (Ballerup, Denmark), which activates KCa2.3 and KCa2.2
currents with EC50 values of 6 and 14 �M but has no effect on
KCa2.1 or KCa3.1 (Hougaard et al., 2007), demonstrates that
this is in principle possible, although CyPPA has a much lower
potency than SKA-31.

However, despite its moderate 7- to 10-fold selectivity for
KCa3.1 over KCa2 channels, SKA-31 constitutes a valuable
new pharmacological tool compound because of its potency
and its excellent pharmacokinetic properties such as a long
half-life and a low plasma protein binding. This assumption
is supported by our demonstration that SKA-31 potentiated
acetylcholine-induced EDHF-type dilations of mouse carotid
arteries and significantly lowered blood pressure in normo-
tensive and hypertensive mice by activating endothelial
KCa3.1 channels. Based on SKA-31’s tissue distribution pat-
tern (Fig. 5C), SKA-31 achieves the highest concentrations in
the vasculature, where it can target endothelial KCa3.1
channels. SKA-31 could theoretically also activate endothe-
lial KCa2.3 channels [which it indeed effectively activates at
concentrations between 1 and 10 �M (Fig. 6A)], but the
absence of a blood pressure-lowering effect in KCa3.1(�/�)
mice (Fig. 6C) demonstrates that SKA-31 predominantly acts
on endothelial KCa3.1 channels. However, if dosed higher,
SKA-31 can activate KCa2 channels and can potentially also
be used to explore the physiological consequences and the
therapeutic potential of KCa2 channel activation. For exam-
ple, based on the fact that EBIO and NS309 reduce neuronal
firing by prolonging the medium after hyperpolarization in
cultured hippocampal neurons or in brain slices (Pedarzani
et al., 2001, 2005), KCa2 activators are widely regarded as
potential new drugs for the treatment of central nervous
system disorders characterized by hyperexcitability such as
epilepsy, ataxia, and neuropathic pain (Wulff et al., 2007). To
start exploring this therapeutic hypothesis, we submitted
SKA-31 and SKA-29 (30) to the National Institutes of Health
Anticonvulsant Screening Program (available at http://ww-
w.ninds.nih.gov/funding/research/asp/index.htm), where
both compounds were found to effectively protect mice from
seizures in the maximal and the 6-Hz minimal electroshock-
induced seizure models at 15 min, 30 min, and 1 h after
intraperitoneal application of 100 mg/kg. For these and other
proof-of-concept experiments and for addressing the question
of whether KCa2 activators will impair learning and memory
as has been suggested based on the phenotype of transgenic
mice overexpressing KCa2.2 (Hammond et al., 2006), SKA-31
constitutes a valuable new pharmacological tool compound.
SKA-31 will be useful to address potential undesirable side
effects of KCa3.1 channel activation, such as increases in
Na� absorption across cystic fibrosis airway epithelial cells
(Gao et al., 2001) or activation of proliferating smooth muscle
cells, T cells, mast cells, or microglia. In all of these latter cell
types, KCa3.1 blockers have been shown to inhibit prolifer-
ation, migration, and/or cytokine or reactive oxygen species

production (Wulff et al., 2007), and it is currently not clear
whether KCa3.1 activators will indeed have the opposite
effects of blockers or whether the respective cells will
counter-regulate.

Based on the in vivo experiments presented in our current
study, we suggest activation of endothelial KCa3.1 channels
as a new antihypertensive therapeutic approach. This ap-
proach might be particularly desirable in situations in which
the EDHF response is impaired due to a decreased activity of
endothelial KCa3.1 channels, as has been reported after car-
diopulmonary bypass (Liu et al., 2008) and chronic renal
failure (Kohler et al., 2005) and in various animal models of
type-2 diabetes and hypertension (Köhler and Hoyer, 2007).
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